Hu Z, Gulec S, Collins JF. Cross-species comparison of genomewide gene expression profiles reveals induction of hypoxia-inducible factor-responsive genes in iron-deprived intestinal epithelial cells. Am J Physiol Cell Physiol 299: C930 -C938, 2010. First published August 11, 2010; doi:10.1152/ajpcell.00238.2010.-Molecular mechanisms mediating the induction of metal ion homeostasis-related genes in the mammalian intestine during iron deficiency remain unknown. To elucidate relevant regulatory pathways, genomewide gene expression profiles were determined in fully differentiated human intestinal epithelial (Caco-2) cells. Cells were deprived of iron (or not) for 6 or 18 h, and Gene Chip analyses were subsequently performed (Affymetrix). More than 2,000 genes were differentially expressed; genes related to monosaccharide metabolism, regulation of gene expression, hypoxia, and cell death were upregulated, while those related to mitotic cell cycle were downregulated. A large proportion of induced genes are hypoxia responsive, and promoter enrichment analyses revealed a statistical overrepresentation of hypoxia response elements (HREs). Immunoblot experiments demonstrated a Ͼ60-fold increase in HIF2␣ protein abundance in iron-deprived cells; HIF1␣ levels were unchanged. Furthermore, comparison of the Caco-2 cell data set with a Gene Chip data set from iron-deficient rat intestine revealed 29 common upregulated genes; the majority are hypoxia responsive, and their promoters are enriched for HREs. We conclude that the compensatory response of the intestinal epithelium to iron deprivation relates to hypoxia and that stabilization of HIF2␣ may be the primary event mediating metabolic and morphological changes observed during iron deficiency.
DURING STATES OF IRON DEFICIENCY, the mammalian intestine adapts in several ways, including an induction of genes encoding proteins related to iron homeostasis and other biological processes and morphological alterations of the intestinal epithelium. Documented increases in villus height and width, crypt depth and width, mucosal thickness, and mitotic events in the crypts (9, 20) are likely related to increasing the absorptive surface area to enhance iron absorption in particular and nutrient absorption in general. Moreover, enterocytes are known to take on an absorptive phenotype further down the crypt/villus axis during iron deficiency (20) . The precise mechanism(s) that mediates these morphological changes in the intestinal mucosa is not known, but the production of biologically active lipid mediators produced as a result of the robust induction of an arachidonate 12-lipoxygenase (Alox15) may be involved (9) . Occurring concurrently are changes in mRNA expression of genes related to iron and nutrient homeostasis, constituting a compensatory genetic response to iron deficiency. The changes in the expression of some genes (e.g., transferrin receptor, ferritin, etc.) is mediated by iron-sensing proteins in the cytosol of intestinal epithelial cells (IECs), called iron regulatory proteins, via a posttranscriptional mechanism (17) . Other alterations in gene expression levels are certainly mediated via a transcriptional response that is not thoroughly characterized or understood at the molecular level in mammals.
The studies described in the present communication were thus undertaken to characterize the global genomic response of IECs to iron deficiency, utilizing a widely accepted model of the human intestinal epithelium, Caco-2 cells. Gene Chip studies were performed, and data were analyzed by a combination of bioinformatics and computational methods. Several biological pathways were identified; many are consistent with a cellular response to hypoxia, and hypoxia response elements (HREs) are enriched in promoters of upregulated genes. Results were finally compared with previous genomewide gene expression studies performed with intestinal tissue from irondeficient rats across different stages of postnatal development (6, 7, 9) . Interestingly, a core group of genes induced in both models revealed an abundance of hypoxia-responsive genes, findings that correlate nicely with the strong induction of Hif2␣ protein expression observed in iron-chelated Caco-2 cells.
MATERIALS AND METHODS
Caco-2 cell studies. Cells were cultured under standard conditions (10, 15) in plastic dishes and allowed to grow for 16 days after confluence, to achieve a high level of differentiation. Medium was changed every 2-3 days. Cells were then treated with either an iron chelator [deferoxamine (DFO); 100 M] or added iron [ferric ammonium citrate (FAC); 100 mg/ml] for either 6 or 18 h. Cells were subsequently rinsed with PBS, cell monolayers were dissolved in TRIzol reagent (Invitrogen, Carlsbad, CA), and total RNA was purified according to the manufacturer's protocol. Experiments at each time point were repeated three times on different days with different dishes of cells from subsequent passages.
Gene Chip studies. RNA samples from cell populations were converted to cRNA and processed for reaction with Gene Chips according to the manufacturer's recommended protocol and as previously described (7) . cRNA samples were reacted with Affymetrix human genome U133A and U133B chips. All subsequent washing, staining, scanning, etc. was done exactly as described previously and according to the manufacturer's recommended protocol (7) . Since two time points of iron deprivation were used (6 and 18 h) and three biological replicates were performed, a total of 24 Gene Chips were utilized (12 U133A chips and 12 U133B chips). Gene Chip data have been submitted to the GEO database (accession no. GSE23944).
Gene Chip data processing and analysis. Gene Chip data were analyzed essentially as previously described (8, 9) . Briefly, to generate expression summary values from Affymetrix Gene Chips, MAS 5.0 software in the "Affy" package of Bioconductor in the R statistical computing environment (3) was used with its default settings, followed by global normalization to bring the median expression values of all Gene Chips to the same scale. This was done by selecting a baseline Gene Chip (x i) from the data set and scaling each Gene Chip ͑x i ͒ to the median (m ) of the baseline Gene Chip as in Eq. 1:
We also used MAS 5.0 "present" calls to filter out probe sets whose expression intensities were close to the background noise across the majority of the samples, before performing the differential gene analysis. We applied the filtering of at least two "present" calls out of three replicated samples in either the control or test groups. Cyber-T software (4) was employed to detect gene expression values significantly different between groups. Differentially expressed genes (DEGs) were selected by controlling the P value at Ͻ0.05 and, in some cases, expression fold changes.
Gene ontology analyses. Lists of DEGs were submitted to the Functional Annotation Tool, DAVID Bioinformatics Resources 6.7 (National Institute of Allergy and Infectious Diseases, National Institutes of Health; http://david.abcc.ncifcrf.gov/) to identify statistically overrepresented groups of genes (11) .
Transcription factor binding site enrichment analysis. For these analyses, a few subsets of DEGs were used: 1) genes that were upregulated at the 6 and 18 h time points, 2) common upregulated genes between iron-deficient rats and iron-deprived Caco-2 cells, and 3) upregulated genes within the Regulation of Transcription subset of all upregulated DEGs. Promoter sequences defined as 1 kb upstream of the annotated transcription start site (TSS) for selected human, mouse, and rat genes were downloaded from the Cold Spring Harbor Laboratory Mammalian Promoter database (25) . For genes with multiple mRNA reference sequences, we selected the sequence with a TSS determined from experimentally identified promoter regions (26) . For reference sequences with alternative promoters, we selected that defined as "best" by Xuan et al. (25) . For background sequences, we randomly selected 11,567 rat, 15,483 mouse, and 15,483 human unique mRNA RefSeq genes and obtained promoter sequences 1 kb upstream of the TSS (26) . For enrichment analysis of transcription factor binding sites (TFBSs), the CLOVER program (12) was used with 565 vertebrate position weight matrixes (PWMs) from the professional TRANSFAC9.1 database. Parameters of CLOVER were set for 1,000 randomizations and a P value threshold of 0.05.
Real-time PCR analysis. All samples used for these studies were distinct from samples that were utilized for Gene Chip analyses described elsewhere in this article and in previous publications, but the experimental protocols were identical. Sixteen-day postconfluent Caco-2 cells (n ϭ 3) were treated with iron (FAC) or DFO as described above, and total RNA was extracted with TRIzol reagent (Invitrogen). Duodenal scrapes were taken from 10-to 12-wk-old male Sprague-Dawley rats that had been consuming either a control diet (198 ppm Fe) or an iron-deficient diet (3 ppm Fe) since weaning (n ϭ 3 with 2 or 3 rats per group), and total RNA was purified. All rat studies were approved by the University of Florida Institutional Animal Care and Use Committee. The iScript cDNA synthesis kit and SYBR Green quantitative polymerase chain reaction (qPCR) reagents were utilized to perform qRT-PCR (Bio-Rad Laboratories, Hercules, CA), essentially as previously described (9, 10). The amplification from cDNA templates was done with primer sequences listed in Supplemental Table S7. 1 Standard curves and melt curves were routinely performed to assess the validity of the PCR data. 18S rRNA primers were utilized as controls for normalization of the experimental genes. Real-time PCR was performed with the CFX96 Real-Time System (Bio-Rad Laboratories).
Western blot analysis. Sixteen-day postconfluent Caco-2 cells treated with added iron or an iron chelator for 18 h were lysed with the NE-PER Nuclear Extraction Kit according to the manufacturer's protocol (Pierce, Rockford, IL). Fifty micrograms of nuclear extract protein was mixed with 6ϫ sample buffer, boiled for 5 min, and then separated by 7.5% SDS-PAGE overnight at 4°C and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Temecula, CA) for 1 h. The membrane was incubated with a 1:400 dilution of antibodies against Hif1␣ (SC-10790; Santa Cruz Biotechnology, Santa Cruz, CA) or Hif2␣ (NB100-122; Novus Biologicals, Littleton, CO 
RESULTS

Analysis of differentially expressed genes.
Scatterplots demonstrated that there were fewer DEGs at the 6 h time point and further that the magnitude of induction or repression was greater at the 18 h time point (Supplemental Fig. S1 ). More than 2,300 DEGs were identified in iron-deprived Caco-2 cells 1 Supplemental Material for this article is available online at the Journal website. at the 18 h time point (P Ͻ 0.05; Supplemental Tables S1 and  S2 ). The most strongly up-and downregulated genes are shown in Table 1 . Gene Ontology (GO) analysis of up-and downregulated genes revealed a statistical enrichment of various biological functions and pathways (Table 2) , with a few significant trends noted. Many upregulated genes were related to changes in monosaccharide metabolism as well as glycolysis/gluconeogenesis. Also enriched were a large number of induced genes related to regulation of gene expression including transcription, mRNA processing, and chromatin modification. Genes related to programmed cell death were also induced by iron chelation. Finally, genes related to the response to hypoxia were induced along with genes related to vasculature development. Interestingly, induced genes encoding proteins containing Krueppel C2H2-type zinc finger transcription factors, Arg/Ser-rich splicing factors, and jumonji domaincontaining proteins were also overrepresented. Among downregulated genes, mitotic cell cycle and cell division were statistically overrepresented as were genes related to oxidative phosphorylation and electron carrier activity.
Since genes related to regulation of gene expression encompassed Ͼ20% of total induced genes, GO analysis was performed on these genes to identify potential regulatory pathways. Analysis of transcripts in the Regulation of Gene Transcription GO category revealed enrichment of genes related to transcription factor binding and transcription cofactor activity as well as chromatin and histone modification (Table 3) . Genes encoding proteins that bind zinc were also enriched. Furthermore, genes involved in vasculature development and regulation of cell proliferation were enriched. Further analysis revealed an enrichment of genes encoding proteins containing Krueppel C2H2-type zinc fingers, including five KLF transcription factors and SP6 as well as 13 other related proteins. Also enriched were genes encoding jumonji domain-containing proteins. The mRNA Metabolic Process and Chromatin Modification GO terms were also further explored. Results demonstrated a statistical overrepresentation of genes related to mRNA splicing and regulation of mRNA stability, as well as those involved in histone modification, including acetylation 
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Analysis of transcripts in the Regulation of Gene Transcription GO category included 237 probe sets (20.5% of upregulated genes). *DAVID GO website only identified 5 genes encoding Krueppel C2H2-type zinc finger-containing proteins; P value based on 5 genes was 1.8 ϫ 10
Ϫ6 . †Only 4 genes encoding Jumonji domain-containing proteins were detected by DAVID; P value based on 4 genes was 1.2 ϫ 10
Ϫ4
. Additional genes in these categories were indentified by manual inspection of DEG lists. and demethylation (Supplemental Table S3 ). Of further interest was the enrichment of genes related to hypoxia; in this GO category, genes related to cell motion, apoptosis, and blood vessel morphogenesis were enriched, along with those related to iron ion homeostasis and iron ion binding ( Table 4) .
The above-mentioned analyses were performed with DEGs that were identified by using a less stringent P value cutoff (Ͻ0.05). Although false positives are undoubtedly present in these gene lists, it is likely that statistically overrepresented biological processes/molecular functions are still valid. Nonetheless, a twofold change cutoff was utilized to further perform GO analysis on up-and downregulated genes. Monosaccharide metabolism, response to hypoxia, and programmed cell death remained as enriched categories among upregulated genes and mitotic cell cycle among downregulated genes (Supplemental Table S4 ).
Analysis of upregulated genes at 6 and 18 h time points. An additional useful approach to interpret Gene Chip data is to utilize various stratagies to sequentially pare down gene lists to eliminate false positives. One such approach utilized herein was to determine which genes were upregulated at both time points of iron deprivation. Genes that were induced are of particular interest because proteins related to nutrient homeostasis are typically upregulated during states of deficiency of that nutrient, in this case iron. As a starting point, lists of upregulated DEGs from both time points were compared (P Ͻ 0.05). This resulted in the identification of 96 common upregulated DEGs (Supplemental Table S5 ). Consistent with the scatterplots shown in Supplemental Fig. S1 , for the vast majority of these genes, induction was greater at the 18 h time point. Moreover, in many cases, genes were represented by more than one probe set on the chips, strongly suggesting that these were not false positives. Upon inspection of the gene list, it became immediately apparent that many of these genes are regulated by hypoxia; in fact, literature searches revealed that 69 of these 96 genes are known to be involved in oxygen homeostasis or are regulated by hypoxia. GO analysis of this subset of 96 common DEGs revealed results similar to the analyses of all DEGs (P Ͻ 0.05) and DEGs with a twofold cutoff, confirming statistical overrepresentation of genes related to hypoxia as well as alterations in monosaccharide metabolism (Fig. 1) . Fig. 1 . Gene Ontology (GO) analysis of common upregulated genes in Caco-2 cells deprived of iron for 6 and 18 h. Ninety-six common induced genes were identified and utilized for GO analysis. Shown are overrepresented groups of genes, with GO terms shown in boxes below circles along with P values. The number of genes in each group is shown within the corresponding part of the circle that matches the color below in the boxes. 
Promoter enrichment analysis.
The next approach was to analyze potential gene regulatory regions from upregulated genes at both time points of iron deprivation to determine whether enriched trans-acting factor binding sites could be identified. We hypothesized that at least a subset of upregulated genes were controlled by a similar mechanism and that given the strong enrichment for genes encoding trans-acting factors, this mechanism was most likely related to transcription. Analysis of promoter regions from common upregulated genes at the 6 and 18 h time points revealed enrichment of several TFBSs, across three mammalian species. These included GC-rich binding sites for several trans-acting factors (e.g., SP1) and those indicative of hypoxia-inducible factor (HIF) binding (Fig. 2) . Statistical enrichment was demonstrated by P values Ͻ0.05 when utilizing homologous promoter regions across three mammalian species (human, mouse, and rat) along with Ͼ11,500 background sequences from each species.
Identification of common upregulated genes across mammalian species. Having this extensive data set from iron-deprived human IECs provided a unique opportunity to do comparative analyses with a previously published Gene Chip data set from the duodenum of iron-deficient rats across several stages of postnatal development (6, 7). These rats were made iron deficient by dietary iron deprivation; at the younger ages (e.g., sucklings and weanlings), the pregnant dams were deprived of dietary iron to induce deficiency in the pups. The initial step was to identify common overrepresented biological functions by GO analysis. Results revealed common functions among upregulated genes between the rat and Caco-2 cell studies, including the response to hypoxia and monosaccharide metabolic pro- Results from cluster of 228 upregulated genes in rats and current set of 2-fold upregulated genes at 18 h in Caco-2 cells are shown. (Table 5) . Also in common were functions related to oxidoreductase activity, iron ion binding, and vasculature development. Comparison of a cluster of 228 upregulated genes from the previous rat studies (8) and the present Caco-2 upregulated data set revealed 29 common upregulated genes (Table 6 ). Literature searches confirmed that 20 of these 29 genes had some relation to hypoxia. Moreover, some of these genes encode proteins with known roles in iron homeostasis (e.g., SLC11A2, HMOX1, and TFRC) and some encode known iron-binding proteins (e.g., EGLN3, KDM3A, and P4HA1). Interestingly, two of these genes are known to be directly involved in the hypoxic response, EPAS1, which encodes the HIF2␣ protein, and EGLN3, which encodes a prolyl hydroxylase (PHD) protein involved in regulating the stability of the HIF proteins. It was of further interest to determine whether the promoters of these common upregulated genes contained statistically overrepresented HIF binding sites, so promoter enrichment analysis was performed as described above. Both HIF PWMs showed enrichment when human and rat genes were used as input (P Ͻ 0.05), compared with background promoter sequences from human, mouse, and rat (Supplemental Table S6 ). Several of the core HIF binding sites are shown for human and rat genes in the common upregulated data set (Supplemental Table S6 ); consensus HIF binding sequences were identified in many of the genes.
qRT-PCR analysis of hypoxia-related, upregulated genes. To confirm the induction of a subset of the common upregulated genes between the rat and Caco-2 cell data sets, qRT-PCR was utilized. Seven genes were selected given their known roles in intestinal iron homeostasis or hypoxia. All primer pairs showed linear amplification across several dilutions of the template, and melt curves demonstrated that only single amplicons were present for each reaction. 18S rRNA levels were very similar across all samples analyzed and were not affected by the treatments. Data are plotted alongside data from the Gene Chips (Fig. 3) . In general, qRT-PCR analyses indicated a stronger induction than the Gene Chip analyses, but nonetheless the induction of all genes studied was confirmed. Moreover, Pearson correlations were calculated, demonstrating a nice correlation between the Gene Chip and qRT-PCR data, with the correlation being stronger for the Caco-2 cell studies. The lower correlation of the rat data was likely due to the much stronger induction of TFRC and DMT1 by qRT-PCR than detected on the chips. Of the selected genes, a suitable primer set for the human HIG2 gene was not identified despite several attempts.
Immnuoblot analysis for Hif1␣ and Hif2␣. Data to this point strongly suggested a role for the hypoxia-inducible factors in the upregulation of gene expression during iron deficiency, so the next step was to determine whether HIF protein levels change in iron-deprived Caco-2 cells. Results showed a dramatic increase in Hif2␣ protein levels (Ͼ60-fold), while Hif1␣ protein levels did not change significantly (Fig. 4) . It should be noted that only single bands of expected molecular mass were detected on the blots (ϳ122 kDa for Hif1␣ and ϳ116 kDa for Hif2␣).
DISCUSSION
Caco-2 cells have been utilized extensively to study adaptive iron absorption, faithfully modeling the induction of iron transport seen in the gut of experimental rodents (1, 2, 14) . These cells were thus chosen for the present studies, which were intended to get a "global" glimpse of changes in gene expression caused by iron deprivation in IECs in order to identify potential regulatory pathways mediating the compensatory genetic response to low iron. To maximize changes in gene expression, iron-deprived cells were compared with cells in which additional iron was added, conditions that were previously utilized to maximize expression changes in the gene encoding the predominant intestinal iron transporter SLC11A2 (DMT1) (13) . Two time points of iron deprivation were utilized to identify early and late responder genes, which could relate to primary and secondary effects of iron chelation. Moreover, identification of genes that were differentially expressed at both time points was utilized as a valid approach to eliminate potential false positives.
Iron chelation for 18 h had a dramatic effect on gene expression; Ͼ2,300 genes were differentially expressed. Of most interest were induced genes, some of which are likely involved in the adaptive response of the intestinal epithelium to iron deficiency. Indeed, some upregulated genes encode proteins that are involved in intestinal iron homeostasis (SLC11A2, TFRC, HMOX1). Many others however, are involved in a host of metabolic pathways, demonstrating the far-ranging effects that iron deprivation has on cellular physiology.
Iron deprivation is indeed known to have a number of influences on cells including changes in energy metabolism, reflecting a shift from aerobic to anaerobic energy production (22) . This is reflected nicely in the GO analyses shown here, which demonstrate this metabolic shift in energy production. Genes related to monosaccharide metabolic processes including glycolysis were induced, while genes related to electron carrier activity, NADH dehydrogenase activity, coenzyme binding, and oxidative phosphorylation were downregulated. Iron depletion in Caco-2 cells has also been shown to decrease proliferation and induce apoptosis (21) . Again, the present studies reflect these metabolic changes, because genes related to programmed cell death were induced while genes related to mitotic cell cycle and cell division were downregulated.
Another interesting observation that derives from the present study is the very large number of induced genes that are related to gene expression, including regulation of transcription, mRNA metabolic processes, and chromatin modification. Over 20% of induced genes (and perhaps more) are related to these biological processes, providing a plausible mechanistic explanation for the large number of DEGs resulting from iron deprivation. GO analysis of this subset of genes demonstrated that many of these genes encode proteins with transcription factor binding and transcription cofactor activity, along with those related to chromosome organization and histone modification. Interestingly, a large number of genes encoding proteins that bind zinc (presumably via zinc finger domains) was identified, many with unknown functions. Among these genes, there was a statistical overrepresentation of genes encoding proteins that contain Krueppel C2H2-type zinc fingers; these include 5 KLF transcription factors, a related TRANS-acting factor, SP6, as well as 13 additional proteins identified by manual inspection of the gene list. This is a striking observation, as almost half of the Sp/Klf family members were induced and the Klf factors have not been previously associated with iron deprivation; we did, however, previously hypothesize that SP6 may play a role in the genetic response to iron deprivation (8) . In fact, the present studies support the hypothesis that an Sp-like trans-acting factor is involved in the transcriptional response to iron deficiency, as a statistical enrichment of G/C-rich promoters was identified among induced genes; an identical observation was previously made by using promoters of genes upregulated in the gut of iron-deficient rats (8) . Furthermore, genes related to RNA splicing, mRNA stability, and histone modification were overrepresented among upregulated genes. Importantly, Ͼ10 genes containing jumonji domains, with known roles in epigenetic regulation of gene expression via histone modification, were identified.
Iron deprivation is also known to mimic hypoxia (23) . This is likely via inhibition of iron-dependent prolyl hydroxylases (PHD proteins; EGLN1-3) involved in the degradation of the hypoxia-inducible transcription factors HIF1␣ and HIF2␣ (19) . Indeed, the present studies identified Ͼ20 hypoxia-responsive genes that were induced more than twofold; manual annotation of DEG lists revealed an even larger number of genes that are involved in this physiological process and/or are themselves regulated by the HIFs. Some key upregulated genes in this regard encode the following proteins: EPAS1 (HIF2␣), EGLN1 and 3 (PHD2 and PHD3), VEGFA (involved in angiogenesis), TACC2 (a coactivator of the hypoxic response), and DUSP1 and EAF1 (possible negative regulators of the HIF1␣ response). Moreover, a statistical overrepresentation of HREs was predicted in the putative promoters of several of the gene subsets. This is particularly interesting given the recent predictions that HIF2␣ may play an important role in the intestinal epithelium to upregulate iron absorption during states of defi-ciency (16, 19) . Moreover, several metabolic pathways identified by GO analysis in the present study are consistent with biological functions known to be regulated during hypoxia, including the shift from aerobic metabolism to anaerobic glycolysis, vasculature development (possibly reflecting angiogenic processes), and perturbations in cell proliferation and differentiation (18) .
The present observations thus strongly support a predominant role for HIF regulation of gene expression during iron deprivation in IECs. If this is so, one would predict that a similar phenomenon occurs in other mammalian species. This possibility was explored with an extensive Gene Chip data set from the duodenum of iron-deficient rats. In the gut of an iron-deficient rat, IECs are clearly iron deficient, as reflected by a strong induction of Dmt1 and Tfrc (7, 10) . Moreover, the severe anemia associated with iron deprivation also creates a hypoxic environment in a tissue that is normally mildly hypoxic and more severely hypoxic during various pathological states (5) . It is thus a logical prediction that a hypoxic response occurs in the gut of iron-deficient mammals. The first step then was to compare the enriched biological functions and molecular processes by GO analysis. Results in the two model systems (Caco-2 cells and rats) were similar, reflecting genes related to oxidoreductase activity, monosaccharide metabolism, iron ion binding, and the response to hypoxia along with vasculature development. This finding suggested that similar regulatory pathways are involved in the adaptive response to iron deprivation in both model systems. Comparison of the lists of DEGs revealed 29 common upregulated genes during iron deprivation. The extensive experimental and bioinformatics analyses involved in the identification of these genes leads to confidence that they are indeed of relevance to the irondeficient phenotype (and several of them were positively confirmed by qRT-PCR). On this list are genes related to iron homeostasis, as well as many related to hypoxia (20 of 29).
Several lines of evidence delineated in this article, then, are consistent with hypoxia driving the compensatory genetic response of the intestinal epithelium to iron deprivation. First, hypoxia-related and hypoxia-responsive genes predominate the identified groups of genes, and many of the enriched biological functions are consistent with the response to hypoxia. Second, promoter enrichment analysis demonstrated a statistical overrepresentation of HREs in subsets of induced genes identified in this study. Third, a group of genes encoding jumonji domain-containing proteins involved in histone demethylation (e.g., KDM3A, JMJD6) were identified as strongly upregulated genes in this study (10 total; Table 3 ). Several genes encoding proteins in this family have recently been described as direct HIF targets and are predicted to be related to maintenance of epigenetic homeostasis during hypoxia (24) . Fourth, recent publications by two groups have demonstrated a robust increase in intestinal HIF2␣ protein expression levels during iron deficiency in mice and further demonstrated direct HIF2␣ regulation of genes involved in iron absorption (16, 19) . Finally, genes related to the response to hypoxia are enriched among induced genes identified in the intestine of iron-deficient rats in addition to being enriched in iron-deprived human IECs.
To provide mechanistic insight into possible HIF regulation of genes in the Caco-2 studies outlined in this article, we utilized well-characterized antibodies against human HIF1␣ and HIF2␣ to perform immunoblot analyses. Somewhat surprising results revealed a highly significant increase in HIF2␣ with no change detected in HIF1␣ protein levels. It is thus tempting to speculate that an IEC-specific mechanism may lead to an increase in HIF2␣ protein levels during iron deprivation, although further studies are needed to prove this hypothesis. Interestingly, some induced genes were identified that encode proteins that have been shown to decrease HIF1␣ protein levels either by signaling its degradation (EGLN1 and EGLN3) or in some other fashion blunting the HIF1␣ response (DUSP1 and EAF1). It then seems possible that the initial genetic response in these cells to iron deprivation is a stabilization of HIF2␣ leading to the direct transcriptional induction of some genes and a secondary induction or repression of others. To consider this possibility, promoter enrichment analysis was performed on identified genes related to regulation of gene expression (Ͼ200 genes used; genes and annotations shown in Supplemental Table S8 ). As in other analyses presented in this article, the results showed a statistical enrichment for HIF binding sites (P Ͻ 0.03), using human genes as input and human and mouse genes as background (data not shown). Interestingly, careful inspection of the resulting data output files revealed some genes with highly conserved HREs across species; some of these genes are transcription factors that could be direct HIF2␣ targets and that secondarily activate (or repress) other genes involved in the response to iron deprivation. Pertinent examples are two genes related to the Klf family of transcription factors, Krueppel-Like Factor 4 (KLF4) and Myoneurin (MYNN). A 13-base pair region containing a canonical HRE (ACGTG), which was 100% conserved between mouse and human, was identified in the KLF4 gene; further studies will be designed to determine whether this gut-specific trans-acting factor is regulated by HIF2␣ during iron deprivation.
In summary, the data presented in this article support the hypothesis that the hypoxic response drives fundamental changes in IECs during iron deprivation. Furthermore, differentiated Caco-2 cells have been validated as a useful model that will undoubtedly provide further mechanistic insight into HIF2␣ regulation of gene expression during iron deficiency.
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